To test the hypothesis that repeated subconvulsive stimulations required to induce kindling can permanently alter gene expression of hippocampal neurons, we used Northern and in situ hybridization analyses to measure steadystate mRNA levels encoding several phenotypic proteins. mRNA encoding a membrane-bound protein, ligatin, was significantly reduced in kindled brains relative to naive and sham control animals. This change in gene expression persisted for over 4 months after kindling, was associated with a decrease in ligatin protein expression, was not produced by single or multiple seizures that did not induce the kindling phenomena, and was blocked by MK801. These results provide direct evidence that kindling can cause persistent changes in the expression of specific genes in hippocampal neurons and suggest that N-methyl-D-aspartate receptor-activated changes in gene expression may be a basic molecular mechanism underlying some of the long-lasting plasticity changes seen in kindling or models of long-term memory.
Repetitive stimulation of discrete pathways in the central nervous system can lead to the development of long-term potentiation of excitatory synaptic transmission (1, 2) . If repeated at regular intervals, subconvulsive repetitive electrical stimulation will further lead to the development of a chronic or permanent epileptic condition, kindling (3) (4) (5) (6) . There is substantial evidence that kindling involves, in part, a potentiation of excitatory amino acid synapses, especially the N-methyl-D-aspartate (NMDA) receptors (5) (6) (7) (8) (9) . In addition, synaptic plasticity has been shown to be associated with the development of altered neuronal excitability in kindling (10) . However, the molecular mechanism underlying the long-term neuronal plasticity evidenced in kindling and the role of NMDA receptors in this process are still poorly understood.
We have recently shown (11) that excitatory amino acid and NMDA receptor activation in hippocampal neurons in culture can produce a long-lasting, calcium-dependent, and MK801-inhibited regulation of the expression of a gene encoding the membrane-associated protein ligatin (12) . Li- gatin has been implicated in playing a role in neuroplasticity by modulating cell-cell interactions, intracellular adhesion (13, 14) , and protein binding to membrane surfaces (15, 16) . Since NMDA receptor activation has been implicated in inducing the synaptic plasticity that occurs in kindling (5, 6) , the relationship between increased neuronal excitability and ligatin gene expression in the hippocampus of naive, sham control, and kindled animals was evaluated. The results demonstrate that kindling produces a long-lasting modulation of ligatin mRNA and protein levels in discrete hippocampal neurons.
MATERIALS AND METHODS
An established kindling paradigm (17, 18) , routinely used in our laboratory, was employed to induce kindling. Briefly, male Sprague-Dawley rats (230-270 g) were stereotaxically implanted under anesthesia (ketamine hydrochloride, 25 mg/ kg, and xylazine, 16 mg/kg) in the ventral hippocampus with a bipolar "twist" electrode. Left or right hemisphere electrode placement was selected randomly. The kindling and subsequent test stimuli consisted of 10-sec trains of 50 Hz, 1-msec, biphasic square-wave pulses. Starting from a stimulus intensity of 50 ALA (bipolar, +20 ,uA to -20 uA) and increasing in increments of 25 ,uA each minute, an initial after-discharge had to be elicited with stimuli of 150 ,uA or less for inclusion in these studies. Suprathreshold stimulation, arbitrarily set at 400 ,uA, was used for delivery of the kindling stimulus trains every 5 min for 6 hr. Typical development of electrographic responses from an initially weak after-discharge early in the kindling paradigm to a mature kindled seizure is depicted in Fig. 1A . On the day of administration of the kindling paradigm, the expression of stereotyped behavior and electrographic seizure in response to a subconvulsive stimulus is achieved. Suprathreshold stimulation on subsequent days facilitates stabilization of the kindled response (maturation) (17, 18) . All kindled animals used in this study manifested class 4 or 5 behavioral seizures (4) . In some studies two 2-mg/kg doses of methyl-10,11-dihydro-5H-dibenzocyclohepten-5,10-imine (MK801, a generous gift of Paul Anderson; Merck) 20 min apart were administered intraperitoneally just prior to the kindling paradigm. After attainment of the kindled state, as documented by the development of a sustained seizure discharge after a subthreshold stimulus (Fig. 1A) , the hippocampus was removed from kindled, surgically implanted sham and naive control animals at various times for mRNA hybridization assays (see Figs. 1 and 2 ) or for in situ hybridization and immunocytochemistry studies (see Fig. 3 ).
Isolation and blot hybridization analysis of hippocampal RNA were performed as described (11) . Briefly, after anesthesia, the brain was quickly removed following decapitation and the hippocampus was rapidly dissected, frozen in liquid nitrogen, and stored at -70°C. Total RNA was extracted by the method of Costanzi and Gillespie (19 ,ug/ml). RNA was extracted with phenol/chloroform and precipitated with ethanol. Four micrograms of total RNA per well was slot-blotted (PR600; Hoefer Scientific) onto nitrocellulose membrane (BA-85; Schleicher & Schuell) according to Constanzi and Gillepsie (19) . Northern blots were prepared as described (11) . RNA blots were probed with an oligonucleotide complementary either to ligatin mRNA (11) or to calcium/calmodulin-dependent (CaM) kinase II a-subunit mRNA (20) . Total poly(A)+ RNA per slot was quantitated by hybridizing the blots with 32P-labeled (dT)17 (Collaborative Research), which recognizes the polyadenylylated tail of mRNA. Oligonucleotide probes were radiolabeled with T4 polynucleotide kinase (BRL/GIBCO) and diluted into 10 ml of hybridization buffer to an activity of 106 cpm/ml. Hybridization was for 18 hr at 42°C. Stringency of wash was 0.5x standard saline citrate (SSC)/0. 1% SDS at 37°C for the ligatin probe and 2x SSC/0.1% SDS at 30°C for the a CaM kinase II probe. Autoradiograms were subsequently analyzed by scanning laser densitometry (Ultrascan XL; Pharmacia). The resultant optical densities were used to equilibrate total mRNA per slot for analysis of specific levels.
For in situ hybridization and immunocytochemical studies, coronal and sagittal sections were prepared from control and kindled animals as described (21 Fig. 1B and quantitatively in Fig. 1C . The decrease in ligatin mRNA was statistically significant (Fig. 1C) and highly reproducible. Ligatin gene expression was also significantly decreased in animals sacrificed at 1 week and at 4 months after kindling in comparison to control animals. MK801 blocked both the development of the kindled response and the decrease in ligatin mRNA levels. Northern blots of total RNA isolated from sham and kindled animals verified selective recognition of the 2.4-kb ligatin transcript (23) (Fig. 2) and demonstrated that kindling produced a reproducible decrease in the ligatin transcript (Fig. 2) otide probes. Noncomplementary sense probes failed to hybridize to the 2.4-kb transcript. Analysis of the same RNA blots used to obtain Fig. 1 B and C with a radiolabeled oligonucleotide probe complementary to the 3' untranslated region of the a subunit of CaM kinase II (20) showed no statistically significant difference between control and kindled animals. Likewise, quantitation of total poly(A)+ RNA, as measured by hybridization with a 32p_ labeled oligo(dT), showed no significant changes due to kindling ( Fig. 1 B and C) . These results demonstrated that kindling did not decrease the levels of all mRNA species and thus was not the result of generalized catabolism of mRNA. Other investigators have shown that kindling does not produce long-lasting changes in the expression of several other mRNA species (25, 26) . It is likely that ligatin is representative of a family of genes that are persistently modulated by abnormal electrical stimulation and seizure discharge.
To determine whether the change in ligatin gene expression was related to the kindling process or to nonspecific electrical stimulation of the brain, several other stimulation conditions were evaluated. A single seizure and random electrical stimulations equal to or in excess of the total kindling stimulation, but delivered in a sequence that does not kindle the brain, did not produce decreased ligatin expression.
Furthermore, excessive neuronal discharge resulting from status epilepticus produced by kainic acid or lithium pilocarpine also did not produce decreases in ligatin expression. These results indicated that long-lasting changes in ligatin expression were dependent on the development of the kindling phenomenon and were not secondary to nonspecific neuronal stimulation.
To investigate whether changes in ligatin gene expression occurred in hippocampal neurons known to have developed long-lasting changes in neuronal excitability in the kindling phenomenon (5), in situ hybridization studies were performed 3 months after the last kindling stimulus (Fig. 3) . High levels of ligatin mRNA were evident in control rats (Fig. 3A) in the cell bodies of pyramidal cells in areas CA1-CA4 and of granule cells in the dentate gyrus. Kindling significantly reduced ligatin mRNA levels bilaterally in the hippocampal pyramidal cells and the granule cells of the dentate gyrus in comparison to control animals ( Fig. 3 A and B) , with the CA3 and CA4 regions being the most dramatically affected. Ligatin mRNA levels were also slightly reduced in thalamic and cortical regions, although these effects were less dramatic than the decrease in the hippocampal neurons. The effects on ligatin were expressed bilaterally, with the hippocampal neurons demonstrating the most significant decrease and the subcortical and cortical areas showing less dramatic effects. When adjacent sections from the same animal brains quantitated for ligatin mRNA were probed with an oligonucleotide complementary to a CaM kinase II mRNA, no significant changes following kindling were observed in the a CaM kinase II mRNA (Fig. 3 C and D) , cofiming the slot blot analysis (Fig. 1B) . The fact that a CaM kinase mRNA did not change as a result of kindling in the same brains shown to have a significant kindling-induced decrease in ligatin mRNA provides a strong internal control for the down-regulation of ligatin gene expression. Densitometric analysis of multiple in situ experiments of CA3-CA4 and CAl hippocampal regions demonstrated that kindling produced a 63% and a 46% decrease, respectively, in ligatin mRNA levels in comparison of kindled to sham control conditions (P < 0.01). No significant changes were observed in hippocampal a CaM kinase II mRNA levels in adjacent sections from these same animals. In addition, kindling did not produce a significant change in ligatin mRNA levels in cerebellar tissue used as a control region. Ligatin mRNA levels were highest in the regions of the hippocampus enriched in cell bodies, with lower levels of hybridization evident in those regions enriched in dendritic and axonal processes. This distribution of ligatin mRNA within the hippocampus is similar to the in situ labeling observed in hippocampal neurons in culture, showing intense cell body and with little or no dendritic and axonal expression (11) .
To assess whether persistently lowered ligatin mRNA levels reflected long-lasting changes in ligatin protein expression, brain sections from sham and kindled animals 3 months after kindling were stained with anti-ligatin serum as described previously (11, 23) (Fig. 3 E and F) . Specific immunoreactivity was observed in the cell bodies of CA1-CA4 pyramidal and dentate gyrus granule neurons, and also in the synaptic and dendritic fields ofthese cells. Kindling produced a reproducible decrease in the immunoreactivity of the pyramidal cells of CA1-CA4, in particular in the CA3 and CA4 regions, as well as in the granule cells of the dentate gyrus, in comparison to sham controls (Fig. 3 E and F) . Although binding of specific anti-ligatin serum was decreased in both the cell bodies and processes in kindled neurons in general, loss of labeling was particularly evident within cellular processes (Fig. 3F) . These results are consistent with our previous findings that ligatin protein is distributed in high levels within the cell bodies and axonal and dendritic processes of hippocampal neurons in culture (11) and can also be isolated from preparations of nerve terminals from rat brain (13) .
DISCUSSION
Synaptic reorganization and modulation of receptor levels have been shown to occur in the hippocampus in association with the development of the kindled condition (6, 10) . The axonal growth and synaptic reorganization associated with kindling also requires considerable neuronal plasticity and changes in cell-cell surface interactions (10) . Ligatin, a membrane-bound protein, has been implicated in cell surface Proc. Natl. Acad. Sci. USA 90 (1993) specialization, membrane interactions, and intracellular adhesion (13) (14) (15) (16) . We have demonstrated that ligatin is rapidly down-regulated by physiologic NMDA receptor activation in a calcium-dependent manner in hippocampal neurons in culture (11). Ligatin's enrichment in synaptic areas (9, 13, 14) and the stimulus-evoked, persistent decrease in steady-state levels of ligatin mRNA and protein shown in this paper could be critical for neuroplastic changes in receptor density or synaptic contacts and may in part underlie the hyperexcitability evidenced in kindling. The blockage of both ligatin gene changes and the development of the kindled phenomenon by MK801 further implicates this NMDA receptoractivated, calcium-dependent modulation of gene expression in the NMDA-dependent, long-lasting neuronal plasticity changes observed in kindling. Although the complete physiological significance of the change in ligatin gene expression in kindling remains to be elucidated, the data are consistent with the possibility that long-term changes in ligatin expression may alter the surface properties or functions of neurons and play a role in the neuroplastic changes observed in the hippocampus following kindling.
Seizures induced by various methods, including kindled seizures, have been shown to induce c-fos, other immediateearly genes, and genes encoding growth hormone and other peptides (25) (26) (27) (28) (29) (30) (31) (32) . This induction is rapid but transient. The effect ofthe kindling process on c-fos (27) and specific growth factor (26) expression has been evaluated. Expression of these genes is elevated immediately following the last stimulation in the kindling process, and subsequently the mRNAs encoding c-Fos (27) and other immediate-early gene products and growth factors (26) rapidly return to basal steady-state levels. Since the induction of c-fos and these other genes is short-lived, it has been concluded that changes in these genes themselves cannot account for the persistent functional and behavioral changes associated with kindling (26, 27) . However, since c-Fos is a transcriptional factor that can either stimulate (33) sion may be involved in the initiation of the kindled state and could produce persistent changes in expression of other genes that are involved in the maintenance of kindling (27) . Down-regulation of ligatin in kindled animals could result from changes in immediate-early gene products that regulate transcription of the ligatin gene. Whether c-Fos or other immediate-early gene products modulate ligatin gene expression directly or indirectly via a second gene product which functions at a pretranslational level or in an unrelated gene regulation pathway is currently unknown. Changes in gene expression were initially implicated in the kindling process because protein synthesis inhibitors have been shown to suppress the development of kindling (35) . The possibility that long-lasting changes in gene expression of neurons underlie kindling was further supported by the findings that electrical seizure after discharge induces the transient expression ofc-fos and other immediate-early genes (27) (28) (29) (30) (31) and mRNAs encoding growth hormones and specific peptides (26) . These observations suggest that long-term gene changes produced by transient changes in immediate-early genes may account for the life-long functional alterations in neuronal excitability that occur in kindling. Our results provide direct evidence that the physiological alterations in neuronal excitability that occur in kindling can alter gene expression in a long-lasting manner in identified hippocampal neurons. The long-lasting changes in ligatin gene expression induced by kindling are not produced by single or multiple seizures that do not produce the kindling phenomenon. The effect of kindling on other gene products should be evaluated to determine the nature and function of genes that can be regulated by conditions that produce long-term plasticity changes in brain. These observations are consistent with the hypothesis that changes in environmental influences such as excessive electrical stimulation and resultant NMDA receptor activation in vivo can modulate gene expression of specific neurons in the brain and that some of these changes in gene expression may account for the long-term alterations in behavioral or physiological function seen in kindling or models of long-term memory.
